
Age-Related Changes of Healthy Bone Marrow Cell Signaling in 
Response to Growth Factors Provide Insight into Low Risk MDS

Steven M. Kornblau, MD1, Aileen C. Cohen, MD PhD2, David Soper, PhD2, Ying-Wen Huang, 
MS2, and Alessandra Cesano, MD PhD2

1The University of Texas M. D. Anderson Cancer Center, Department of Stem Cell Transplantation 
and Cellular Therapy, Houston, TX

2Nodality Inc., Clinical Department, South San Francisco, CA

Abstract

 Background—Single Cell Network Profiling (SCNP) is a multiparametric flow cytometry-

based assay that quantifiably and simultaneously measures changes in intracellular signaling 

proteins in response to in vitro extracellular modulators at the single cell level. Myelodysplastic 

syndrome (MDS) is a heterogeneous clonal disorder of hematopoietic stem cells that occurs in 

elderly subjects and is characterized by dysplasia and ineffective hematopoiesis. The functional 

responsiveness of MDS bone marrow (BM) hematopoietic cells, including functionally distinct 

myeloid and erythroid precursor subsets, to hematopoietic growth factors (HGF) and the 

relationship of modulated signaling to disease characteristics is poorly understood.

 Methods—SCNP was used first to examine the effects of age on erythropoietin (EPO) and 

granulocyte colony stimulating factor (GCSF)-induced signaling in myeloid, nucleated red blood 

cells (nRBC), and CD34 expressing cell subsets in healthy BM (n=15). SCNP was then used to 

map functional signaling profiles in low risk (LR) MDS (n=7) for comparison to signaling in 

samples from healthy donors and to probe signaling associations within clinically defined 

subgroups.

 Results—In healthy BM samples, signaling responses to HGF were quite homogeneous (i.e. 

tightly regulated) with age-dependent effects observed in response to EPO but not to GCSF. 

Despite the relatively small number of samples assayed in the study, LR MDS could be classified 

into distinct subgroups based on both cell subset frequency and signaling profiles.

 Conclusion—As a correlate of underlying genetic abnormalities, signal transduction analyses 

may provide a functional and potentially clinically relevant classification of MDS. Further 

evaluation in a larger cohort is warranted.
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 Background

The incidence of myelodysplastic syndrome (MDS) increases with age, with 86% of patients 

presenting at age 60 years or greater (1). On the other side, physiologic age-dependent 

functional alterations are known to occur within the hematopoietic system in both erythroid 

and myeloid hematopoietic compartments.

For instance, hemoglobin levels in healthy individuals have been shown to decline and the 

incidence of anemia to increase with age (2,3). This anemia appears to be due to decreased 

marrow responsiveness to stimulation rather than to decreased growth factor levels, since the 

production of erythropoietin (EPO) is equivalent in both younger and elderly healthy 

persons (>75 years old) (4). However, the administration of recombinant EPO to anemic 

patients undergoing chemotherapy treatment for cancer was found to be equally effective in 

both younger and elderly patients (5) and, when subjects were examined longitudinally, EPO 

levels were found to rise with age (2).

Likewise, in the myeloid series there is a decrease in mean colony formation in response to 

granulocyte colony stimulating factor (GCSF) in bone marrow (BM) from older (age 70–80 

years) compared to younger (age 20–30 years) individuals (6). However, following GCSF 

administration the in-vivo peak absolute neutrophil count (ANC) was the same in younger 

(20–30 year old) and older (70–80 year old) volunteers, suggesting that the response to 

signal as measured by peripheral blood (PB) ANC was independent of age (6).

It is not known whether these age-related differences in the myeloid and erythroid cell 

subsets are clinically significant in the absence of hematopoietic stress. Consequently, the 

role of signaling alterations as a cause of age related differences in hematopoiesis has not 

been confirmed, mostly due to lack of appropriate technology platforms.

Single cell network profiling (SCNP) is a multiparameter flow cytometry platform that 

analyzes protein expression and activity under baseline and modulated conditions at the 

single cell level but without the need for cell separation, thus providing a systems biology 

view of the capacity and connectivity of intra- and inter-cellular signaling networks in 

complex tissues (such as BM). When applied to pathways shown to be involved in disease 

pathology, this method has many potential applications including the creation of a biology-

based disease characterization informative of disease outcomes and treatment(7–9).

MDS are heterogeneous disorders of hematopoietic precursors that occur mainly in elderly 

patients with a median age of 76 years (1). The disease course may be indolent or aggressive 

with approximately one-third of adult MDS patients progressing to acute myeloid leukemia 

(AML), which is associated with poor prognosis. The classification of MDS has evolved 

with time from a morphology based classification (The French-American-British (FAB) 

which subdivided MDS into five disease entities - refractory anemia[RA], RA ringed-

sideroblasts[RARS], RA excess blasts[RAEB], RAEB- in transformation [RAEB-t] and 

chronic myelomonocytic leukemia [CMML] - based on BM morphology and presence or 

absence of BM blasts or peripheral monocytosis) to a newer World Health Organization 

(WHO) morphologic classification based on the combination of a refined morphologic 

classification with cytogenetics. More recently, multiparametric flow cytometry has been 
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used to follow the expression patterns of both surface and cytoplasmic differentiation 

antigens and many believe this technology will be used for improved classification and 

ultimately therapeutic selection in MDS(10). More recently, multiparametric flow cytometry 

has been used to follow the expression patterns of both surface and cytoplasmic 

differentiation antigens, and many believe this technology will be used for improved 

classification and ultimately therapeutic selection in MDS(10). In addition, within each 

MDS subset, patients are assessed for risk of AML transformation and for estimated survival 

without therapeutic interventions using the International Prognostic Scoring System (IPSS) 

which uses BM blast percentage, karyotype and the number of cytopenias to calculate a 

composite score used to assign a patient to one of four risk categories. Patients in the low 

and intermediate-1 (INT-1) risk category, herein referred to as low risk MDS (LR MDS), 

have higher overall survival and lower leukemic transformation rates when compared to 

patients in the intermediate-2 (INT-2) and high risk categories (11).

LR MDS is characterized by cytopenias, despite the fact that the marrow is usually 

hypercellular, with inefficient hematopoiesis resulting from known defects in signaling and 

increased rates of apoptosis (12,13). In the majority of cases, anemia is an early and 

prominent finding despite the presence of normal to elevated levels of serum EPO and EPO 

receptor (14,15). When BM mononuclear cells (BMMC) from patients with LR MDS are 

cultured in the presence of EPO, erythroid colony formation is reduced compared to healthy 

samples (15,16). Furthermore, phosphorylation (p) of STAT5 measured in nuclear extracts 

by electrophoretic mobility shift assay is absent or greatly reduced in patients with LR MDS 

in response to stimulation with EPO (17). However, no statistically significant difference 

was observed in GCSF-mediated phosphorylation of STAT5 in vitro between CD34+ 

BMMC from patients with MDS and healthy controls. In the clinic EPO administration in 

the presence and absence of GCSF administration has been shown to be an effective therapy 

for a subset of patients with LR MDS (18,19). In vitro response to EPO stimulation in 

CD71+ CD45− cells was found to correlate with the clinical response to EPO in vivo 
(20,21). This heterogeneous response to growth factors indicates a need for further 

investigation (20).

In this report, we use SCNP to examine the effects of donor age on EPO and GCSF induced 

signaling in cryopreserved healthy BMMC. We then examine the feasibility of applying 

SCNP to simultaneously measure EPO response in nucleated red blood cell (nRBC) subsets 

and GCSF response in myeloid and CD34+ BMMC to further understand the heterogeneity 

in LR MDS and to compare these induced signaling profiles to age-matched healthy BMMC 

subsets.

 Materials and Methods

 Patient Samples

Two sets of BMMC samples obtained from healthy donors were analyzed. One healthy 

sample set was composed of 9 cryopreserved BMMC obtained from “elderly” patients aged 

54 to 82 years undergoing planned orthopedic procedures at Williamson Medical Center in 

Tennessee. The second (“younger”) healthy sample set consisted of 6 cryopreserved BMMC 

obtained from donors aged 23 to 43 years, purchased from a commercial source (AllCells).
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Eleven MDS samples were acquired from untreated patients with a diagnosis of LR MDS 

(defined as low and INT-1 IPSS) at MD Anderson Cancer Center (MDACC) between May 

1999 and September 2008. Study inclusion was based on cell availability at MDACC sample 

bank. One additional LR MDS sample was purchased from a commercial source 

(Conversant). In accordance with the Declaration of Helsinki, all patients consented to the 

collection and use of their samples for institutional review board (IRB)-approved research 

purposes. Clinical data were de-identified in compliance with Health Insurance Portability 

and Accountability Act regulations. Sample inclusion required a diagnosis of LR MDS with 

sample collection prior to the initiation of treatment and pre-defined standards of post thaw 

cell viability and signaling (>50% “healthy cells”, as defined below in SCNP assays and 

Statistics and based on previous experience)(9).

5 samples out of the 12 collected samples failed screening by having either low viability 

(<50%) upon thaw (3 samples) or poor intrinsic signaling potential demonstrated by no 

response to EPO or GCSF treatment (2 samples). Characteristics of screening failures were 

not different from eligible samples (Table 1) and are listed in Supplemental Table S1.

 SCNP Assays

SCNP assays were performed as described previously (22,23). Pre-defined standards of post-

thaw cell viability and signaling included the presence at the zero-hour unmodulated 

condition of >50% healthy cells (defined as Amine Aqua and cleaved PARP negative), and 

signaling response to at least one modulator in the gated populations. Cryopreserved 

samples were thawed at 37 °C, washed in RPMI 60% fetal bovine serum (FBS), and purified 

through ficoll density centrifugation. Mononuclear cells were washed in RPMI 1% FBS and 

counted before staining with Live/Dead Fixable Aqua Dead Cell Stain (Invitrogen) to 

distinguish nonviable cells. For Aqua staining, cells were stained in 0.2% PBS/Aqua 

solution at 37 °C for 15 minutes (Aqua reconstituted stock was made by adding 50µl DMSO 

to 1 vial of lyophilized Aqua. 1µl of Aqua in DMSO resonsititued stock was used per 106 

cells). Cells were then counted again, washed and resuspended in RPMI 10% FBS, aliquoted 

to 150,000 cells per condition, and rested at 37 °C for 2 hours. For signaling assays, cells 

were incubated with modulators (Supplemental Table S2) at 37°C for 15 minutes, fixed with 

1.6% paraformaldehyde (final concentration) for 10 minutes at 37°C, pelleted and 

permeabilized with 100% ice-cold methanol and stored at −80°C. Subsequently, cells were 

washed with fluorescence-activated cell sorting buffer (PBS/0.5% bovine serum albumin/

0.05% NaN3), pelleted, and stained with cocktails of fluorochrome-conjugated antibodies 

(Supplemental Table S3). These cocktails included antibodies against cell surface markers 

for myeloid cells (CD45), stem cells (CD34) and nRBC subsets (CD71 and CD235a), and 

antibodies against intracellular signaling molecules (i.e. EPO stimulated p-STAT5; GCSF 

stimulated p-STAT1, p-STAT3, p-STAT5, p-Akt, p-Erk1/2 or p-S6).

 Flow Cytometry Data Acquisition and Analysis

Flow cytometry data were acquired on a LSRII flow cytometer using FACSDiva software 

(BD Biosciences) and analyzed with FlowJo (TreeStar Software) or Winlist (Verity House 

Software). Antibody staining panels and compensation matrices are shown in Supplemental 
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Table S4. Details of instrument compensation settings including Aqua compensation are 

provided in Supplemental table S4.

Myeloid cells were identified by side scatter (SSC) versus CD45 characteristics of myeloid 

blasts and monocytoid cells. Stem cells were identified as cells that express CD45MiCD34+. 

The nRBC were identified as cells that express SSC versus CD45Lo characteristics. 

Additional lineage markers were used for further identification of nRBC sub-populations 

(e.g., CD71+CD235a−: early erythroblasts; CD71+CD235a+: normoblasts; CD71−CD235a+: 

more mature nRBC) as shown in Fig. 1A (17).

A minimum of 100 viable cells for nRBC and a minimum of 200 viable cells for each of the 

other gated populations were required for analysis.

 Flow Cytometry Data Analysis-Metrics

Median fluorescence intensity (MFI) was computed from the fluorescence intensity levels of 

the cells. Equivalent Number of Reference Fluorophores (ERF)(24–26) is a transformed 

value of the MFI values. ERF was computed using a calibration line determined by fitting 

observations of a standardized set of 8-peak rainbow beads for all fluorescent channels 

(Spherotech Libertyville, IL; Cat. No. RFP-30-5A) to standard values assigned by the 

manufacturer. ERF was used to standardize, qualify and monitor the instrument during 

setup, and to calibrate the raw fluorescence intensity readouts on a plate-by-plate basis and 

to control for instrument variability. ERF values were then used to compute a variety of 

metrics to measure the biology of functional signaling proteins (Supplemental Fig. S1). To 

measure basal levels of signaling in the resting, unmodulated state, the “Basal” metric was 

used: log2(ERFUnmodulated /ERFAutofluoresence). With modulation, the “Fold” metric defined 

as log2(ERFModulated /ERFUnmodulated) was used to identify the inducibility of a protein. The 

“Total” metric defined as log2(ERFModulated / ERFAutofluorescence) was developed to assess 

the magnitude of total activated protein. Uu is the Mann-Whitney U statistic comparing the 

ERF values of the modulated and unmodulated wells that has been scaled to the unit interval 

(0,1) for a given donor and specimen type (e.g., BMMC) and was used to demonstrate the 

number of cells showing signaling. Percent Positive (“PercentPos”) was used to quantify the 

frequency of cells positive for a surface marker relative to a control antibody.

 Statistical Analysis

In order to minimize the effect of pre-analytic variables on assay read-outs, methods and 

specifications have been developed to assess sample “health” for inclusion in the SCNP 

assays (27). Specifically, for each sample cell health was assessed by measuring the cells 

that were alive (i.e. Amina Aqua negative) and non-apoptotic (i.e. cleaved PARP negative) as 

a fraction of the total number of intact cells at the time-zero unmodulated condition: % 

Healthy cells = [Amine Aqua− Cleaved PARP− Cells/ Scatter Gated Cells] × 100%. A pre-

specified cut off (>50% “healthy cells”, as previously defined (9)) was used to consider a 

sample evaluable) was used to consider a sample evaluable.

Given the hypothesis-generating nature of this study no sample size calculations were made 

and results are therefore descriptive in nature, with p values provided only for information 

since no correction for multi-testing was done. Data graphs, R2 and P values were computed 
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by Tableau (Tableau Software) to assess association between age as a continuous variable 

and induced signaling (e.g., EPO modulated p-STAT5 activity in nRBC) or frequency of cell 

subsets (i.e., myeloid cells, stem cells or nRBC sub-populations) in each healthy donor.

Heat maps were generated to visually inspect the range of induced signaling and cell 

populations of interest (i.e., EPO or GCSF modulated JAK/STAT pathway activity in 

myeloid cells, stem cells or nRBC sub-populations) across all donors. Data graphs were 

constructed by Tableau (Tableau Software) to display association between clinical diagnosis 

(e.g., RAEB-1, RARS) and signaling responsiveness or frequency of cell subsets in each 

donor.

 Results

 Patient and Sample Characteristics

Modulated SCNP was evaluated in two sets of healthy and one set of LR MDS BM samples. 

Sample characteristics and study schema are shown in Table 1 and in Fig. 1B.

The age of healthy donors ranged from 24–43 years for the “younger” group and from 54–

82 years for the “older” group. LR MDS samples were obtained from patients with RARS or 

RAEB with IPSS low or INT-1 and an age range of 53–83 years, comparable to the age 

range of the older healthy donor group. Of note patient 2, patient 3 and patient 5 had 

elevated white blood cell count (WBC) at diagnosis while patient 1 and patient 4 had low/

normal WBC. The majority of patients had anemia and thrombocytopenia.

 Effect of Donor Age on Bone Marrow Signaling Function

We first evaluated the effects of donor age on the frequency and signaling function of CD34 

expressing cells (CD34+), myeloid cells and nRBC cells from healthy donor BM. The 

frequency of CD34+ cells was found to be independent of donor age (R2=0.006; p=0.783) 

(Table 2, Fig. 2A). CD34+ cell signaling ability was tested by examining GCSF induced 

phosphorylation of the STAT and PI3K pathways in both younger and older patient samples. 

Examination of signaling nodes using all 3 metrics described in Material and Methods (Uu, 

Fold change, and Total phospho) revealed no significant correlations between age and 

induced p-STAT3, p-Akt, p-Erk1/2 or p-S6 levels between older and younger populations. 

However, a weak negative correlation with age for GCSF induced p-STAT5 was noted when 

the Uu metric was applied (R2=0.352, p=0.025) (Table 2, Fig. 2A). A decreased frequency 

of myeloid and increased frequency of nRBC populations were observed in the older subject 

group compared to the younger counterparts (R2=0.326, p=0.026; and R2=0.494, p=0.003 

respectively). However, there were no significant correlations between age and GCSF 

induced p-STAT3 or p-STAT5 levels (using any of the 3 metrics), indicating no difference in 

GCSF mediated myeloid signaling between older and younger normal bone marrow sources 

(Table 2, Fig. 2B). Conversely, a striking correlation between older age and decreased p-

STAT5, and to a lesser extent p-STAT1 and p-STAT3 levels was observed in response to 

EPO in nRBC (Table 2). This correlation also held true when early erythroblasts and 

normoblasts, the subpopulations of nRBC in bone marrow that are known to be EPO 

responsive, were examined (Fig. 2C).
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Based on these findings age-matched control BMMC samples (obtained from subjects >50 

years of age) were used for evaluating signaling in LR MDS samples.

 Low Risk MDS BMMC samples Versus Age-Matched Healthy BMMC samples

 Block at different level in Erythroid Differentiation observed in RAEB and 
RARS MDS—Healthy older donor samples had a median of 31% (range 24–53%) nRBC in 

BMMC post thaw (Table 3). Of the five BM samples from patients with a diagnosis of 

RAEB, two (patient 1 and patient 4) had a higher percentage and three (patient 2, patient 3, 

and patient 5) had a lower percentage of erythroid elements versus healthy age-matched 

controls (Table 3). In healthy control BMMC samples early erythroid cells (CD71+ CD235a

−) comprised the minority of the nRBC subsets while normoblasts (CD71+ CD235a+) and 

more mature nRBC marrow (CD71− CD235a+) comprised the majority of the nRBC 

compartment. Conversely, 4 of 5 RAEB BMMC samples had a higher percentage of early 

erythroid cells and all had a lower percentage of mature nRBC versus healthy age-matched 

controls (Fig. 3). Of note, both RARS samples assayed in this study had a higher frequency 

of nRBC and a higher percentage of normoblasts versus either RAEB or healthy control 

samples (Fig. 3).

 Classification of RAEB samples based on nRBC and Myeloid Frequency 
and Function—The functional signaling ability of RAEB nRBC and myeloid elements 

were examined by determining STAT phosphorylation in response to EPO or GCSF in 

RAEB BM cell subsets. In response to EPO, both RAEB samples with increased nRBC 

percentage showed an increased proportion of cells showing phosphorylation of STAT5 

compared to healthy marrow (Uu = 0.77 and 0.68 versus a median of 0.57 for healthy 

control) (Table 3, Fig. 4A). Conversely, those with low nRBC frequency displayed EPO-

mediated STAT5 phosphorylation responses comparable to age-matched healthy control 

samples (Table 3, Fig. 4A). These data held true when nRBC subsets (early erythroid and 

normoblasts) were examined (Fig. 4A).

RAEB BM with low nRBC frequency showed a higher percentage of myeloid elements 

compared to age-matched controls (Table 3). When these myeloid and CD34+ cells were 

examined for signaling function, they displayed an increased proportion of cells with robust 

STAT3 and STAT5 phosphorylation in response to GCSF (Table 3, Fig. 4A).

 RARS with High Frequency of nRBC Demonstrate poor EPO signaling—
Bone marrow samples from the two patients with RARS were examined for erythroid and 

myeloid cell frequency and signaling function. Both RARS samples (patient 9 and patient 

10) had a higher percentage of nRBC (Table 3, Fig. 3) and a low to normal percentage of 

myeloid and CD34+ elements when compared to healthy older control BM samples (Table 

3). Unlike RAEB samples with similar nRBC frequency (patient 1 and patient 4) that 

displayed a robust response in pSTAT5 versus control, RARS nRBC showed low to normal 

EPO signaling cells compared to age-matched control samples (Table 3, Fig. 4A). 

Furthermore both RARS samples showed low to normal percentage of GCSF- responding 

myeloid and CD34+ cells (Table 3, Fig. 4A).
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 MDS Samples with Increased Myeloid Frequency have increased STAT 
Activation in response to GCSF modulation—Of the seven LR MDS samples, three 

(patients 2, 3, and 5) showed a higher and one (patient 9) showed a lower percentage of 

myeloid elements versus age-matched healthy control samples. When examined for 

signaling response to GCSF, a higher proportion of cells in the former and lower in the latter 

showed STAT pathway activation compared to age-matched controls (Table 3, Fig. 4B). 

RAEB or RARS samples that showed a normal range of myeloid cells demonstrated an 

intermediate STAT5 phosphorylation versus those with either a higher or lower percentage 

of myeloid cells in response to GCSF, similar to those found in healthy older subjects (Fig. 

4C).

 Conclusion

Multiparameter flow cytometry is beginning to play an important role in the diagnosis of 

MDS and the potential for its application to the disease for individual risk assessment and 

therapeutic selection is greatly anticipated (10). In this study a flow cytometry-based SCNP 

assay was used to identify signaling differences related to physiologic (e.g. aging) and 

pathologic (e.g. MDS) conditions in bone marrow cell subpopulations without the need for 

physical cell subset separation. SCNP allows for simultaneous examination of the frequency 

and function of these distinct cell subsets, a unique characteristic compared to the use of 

either whole blood or sorted populations. Aging was found to be associated with a functional 

impairment in nRBC EPO response, while myeloid cells appeared to be unaffected in their 

signaling response to GCSF (STATs or PI3K pathway). In IPSS LR MDS patient samples 

signaling profiles were heterogeneous and SCNP revealed aberrant signaling versus age-

matched controls, which could be used to identify patient subsets with different prognosis 

and response to treatment.

Since SCNP is a functional assay, standardization of pre-analytic variables is particularly 

critical for data interpretation. Analytic and postanalytic technical variables most likely to 

effect SCNP assay have recently been reviewed (27,28). In particular, preanalytic sample 

characteristics such as the time a sample is in cryopreservation, the time from blood or 

marrow collection to cryopreservation, and signaling comparison between paired fresh and 

cryopreserved samples are fundamental to any assay and are critical for data interpretation in 

functional assays. In AML the SCNP assay was demonstrated to have reproducibility and 

repeatability, and equivalence between PB and BM signaling was shown for >90% of 

signaling nodes (proteomic readout in the presence or absence of a specific modulator) 

examined. In addition, sample cryopreservation was shown to have minimal effects on 

functional readouts in SCNP assays with Bland Altman and Lin's Concordance methods 

showing good concordance in sample aliquots with up to 4 years in cryopreservation (29). 

Recently SCNP has been used to predict the likelihood of response to standard induction 

chemotherapy in both adult and pediatric patients with AML (7,8,30). These studies 

provided information that was distinct from known AML prognostic factors, including age, 

secondary AML, and molecular markers. SCNP is therefore ideally suited for analysis of 

pathways shown to be involved in disease pathology, and has many potential applications 

including the creation of a biology-based disease characterization informative of disease 

outcomes and treatment.
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Several methodological considerations warrant discussion and need to be considered in 

interpreting these results. First, this study used cryopreserved samples from biorepositories 

rather than fresh samples, raising the question of extrapolability of results to fresh samples. 

In this regard, the use of sample “health” specifications for sample evaluability to minimize 

the effect of pre-analytic variables is crucial and, as mentioned above, previous studies have 

shown high correlation between SCNP readouts in paired fresh and cryopreserved aliquots 

of the same AML sample (27,29). Second, the limited sample size of MDS samples used in 

this pilot study makes the observations hypothesis-generating in nature thus requiring 

confirmation in larger cohort of LR MDS patients.

Despite these limitations, two major findings emerged from this study. First, our data show 

EPO hyporesponsiveness (as measured by p-STAT5 levels) in nRBC collected from older 

versus younger healthy donors. This decrease held true when nRBC subsets (normoblasts 

and early erythroblasts) were examined. Decreased EPO-induced signaling could be 

responsible, at least in part, for the high incidence of anemia in the elderly population (close 

to a third of elderly people are anemic) (3). This idiopathic anemia has been shown to occur 

despite normal levels of EPO and EPO receptor (14,15). In most elderly patients the 

presence of a decreased EPO signaling response may not manifest clinically, unless the 

patient is under physiologic stress (e.g. infection, hemorrhage, altitude).

In contrast, the response to GCSF in the myeloid subset was found to be independent of age. 

This is in line with animal studies that demonstrate constant levels of basal myelopoiesis in 

murine bone marrow independent of animal age (31). The in-vivo observation of equivalent 

total cell number, CFU-GM, and CD34+ between older and younger patients after GCSF-

mediated stem cell mobilization further supports our observation (32). These data 

underscore the importance of using age-matched comparisons when evaluating differences 

between healthy and pathologic signaling in hematologic disorders (e.g. AML, MDS) and 

suggest that some age-related differences in hematopoiesis may be due to differences in 

signaling pathway activation. The difference in sample source between healthy older 

controls (BM obtained during orthopedic procedures) and younger donors (BM aspirates) 

represents a potential confounding factor for the age-related effects in cell signaling 

observed in the study. However, because SCNP assay allows for gating on specific 

populations (e.g. nRBC, CD34+ cells) and differential functional effects were observed in 

some but not other cell subsets in the same sample, it is likely that the age-related changes in 

cell signaling observed in the study are real biologic findings.

Recent studies using multiparameter flow cytometry have identified universal abnormal 

signal transduction in myeloid blasts from patients with AML versus cells from healthy 

normal bone marrow (33,34). Increased basal phosphoprotein expression, increased or 

decreased activation in response to cytokines and altered kinetics of response were 

identified. Due to limited cell numbers a single time-point (15 minutes) of activation was 

used in the current study to measure protein phosphorylation. We and others have identified 

this to be the optimal timepoint for detecting p-S6, STAT3 and STAT5 (9,33,34). While not 

an optimal time point for detecting peak p-Erk activation, in our study p-Erk signaling was 

still observed (Supplemental Figure S2).
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Cell population frequency and signaling profiles could be used to distinguish LR MDS 

patients from healthy age-matched controls. We observed a block in erythroid differentiation 

in LR MDS BMMC compared to healthy age-matched controls, consistent with prior 

findings of ineffective erythropoiesis in MDS. Furthermore we show that in most RAEB 

samples the differentiation block occurred at the early erythroblast stage while RARS 

samples showed a differentiation block from normoblasts to mature nRBC. This suggests 

that RARS and RAEB are biologically distinct diseases with blocks in differentiation at 

different stages of RBC development.

Defects in MDS erythroid lineage (CD71+CD45−) p-STAT5 response to EPO have been 

observed and shown to correlate with in-vivo response to EPO therapy while there was no 

difference observed in CD34+ cell response to GCSF between MDS and healthy donors 

(16). We observed differences in both erythroid response to EPO and myeloid response to 

GCSF and noted differences based on MDS subtype (RARS versus RAEB).

In RAEB any of the three hematopoietic lineages (RBC, WBC or platelets) may be affected. 

In our study samples showing a higher frequency of nRBC also showed higher numbers of 

EPO responsive cells, suggesting a defect in erythroid lineage development. A robust 

response of myeloid elements to GCSF was observed in samples where there was an 

increased frequency of BM myeloid cells compared to control samples, suggesting a 

possible role for GCSF in the pathogenesis of MDS in these patients. This may put these 

patients at an increased risk for transformation to AML. In support of this hypothesis patient 

2 and patient 5, who had elevated CD34+ frequency and increased GCSF induced STAT3 

and STAT5 phosphorylation, suffered rapid (within 2 months of diagnosis) death in the first 

case and progressed to AML with central nervous system involvement in the second case, 

respectively.

RARS samples, while few in number, were more homogenous than RAEB samples. RARS 

samples had a high frequency of nRBC but, in contrast to RAEB, a low-normal proportion 

of EPO-responsive nRBC and a differentiation block from normoblasts to mature nRBC. 

Furthermore RARS samples did not appear to have alterations in their myeloid 

compartment.

Recently, mutations in SF3B1 have been shown to be associated with RARS in up to 80% of 

cases (35,36). Defects in SF3B1 are associated with aberrant RNA splicing that ultimately 

leads to ineffective hematopoiesis. A direct effect of mutations in SF3B1 on EPO signaling 

remains to be examined.

In RARS the generation of abnormal sideroblasts has been shown to be related to a 

malfunction of the mitochondrial respiratory chain (37). Such dysfunction leads to the 

accumulation of toxic ferric iron in the mitochondrial matrix and likely contributes to the 

high frequency of immature nRBC blocked in the late stage of differentiation that is 

observed in RARS.

Taken together, these data demonstrate the importance of using healthy age-matched 

controls to define disease-associated signaling and highlight the ability of SCNP to enhance 

MDS classification based upon functional biology. These data also lay the groundwork for 
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the application of SCNP to identify patients at high risk of progression from MDS to AML. 

Future studies on larger cohorts will examine EPO and GCSF pathways in conjunction with 

other modulators, such as DNA damaging agents, to ultimately inform therapeutic choice by 

matching signaling networks to the clinical response of MDS to agents such as EPO/GCSF, 

Lenalidomide, or Azacytidine as well as to further define and characterize the biology of 

MDS.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1a
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Figure 1b

Figure 1. Study Overview
A. Gating Schema Flow cytometry plots and sequential gating scheme. The first panel is a 

flow cytometry dot plot indicating how non-cellular debris were included using a FSC and 

SSC gate. Cells were gated in the second panel using Boolean logic to identify live cells by 

light scatter that excluded the amine aqua viability dye. The third panel is a flow cytometry 

dot plot indicating CD45 positive cells; myeloid cells were identified as cells that express the 

SSC versus CD45 characteristics of myeloid blasts and monocytoid cells; stem cells were 

identified as cells that express CD45MiCD34+ and nucleated red blood cells (nRBC) were 

identified as cells that express the SSC versus CD45Lo characteristics. Additional lineage 

markers such as CD71 and CD235a were used for further identification of nRBC sub-

populations as indicated.

B. Study Schema and Sample Characteristics The two-step study involved the 

comparison of GCSF and EPO -mediated signaling in BMMC samples obtained from 

“older” versus “younger” donors followed by the identification of dysfunctional signaling by 
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comparison of BMMC from low risk MDS to BMMC from age-matched healthy control. 

Sample characteristics for healthy BMMC and for MDS samples are listed.
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Figure 2a

Kornblau et al. Page 17

Cytometry B Clin Cytom. Author manuscript; available in PMC 2016 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2b
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Figure 2c

Figure 2. Effect of Donor Age on Bone Marrow sample Signaling Function
A. Frequency and Function of CD34+ Cells Plots of age versus CD34+% (left panel), 

GCSF induced STAT signaling (middle) and GCSF induced PI3K pathway (right) in CD34+ 

cells from older patients (dark blue circles) and from younger patients (light blue circles) 

using the Uu metric are shown with R-squared (coefficient of determination) and p value. A 

cartoon of GCSF signaling identifies the phosphoproteins studied circled.

B. Frequency and Function of Myeloid Cells Plots of age versus Myeloid cell% (left 

panel), GCSF induced STAT signaling (middle, right) in myeloid cells from older patients 

(dark blue circles) and from younger patients (light blue circles) using the Uu metric. R-

squared (coefficient of determination) and p value are shown. A cartoon of GCSF signaling 

identifies the phosphoproteins studied circled.
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C. Frequency and Function of Erythroid Cells Plots of age versus nRBC% (left panel), 

EPO induced STAT signaling in early erythroblasts (middle) and normoblasts (right) from 

older patients (dark blue circles) and from younger patients (light blue circles) using the Uu 

metric (above) and Fold change metric (below). R-squared (coefficient of determination) and 

p value are shown.. A cartoon of EPO signaling identifies the phosphoproteins studied 

circled.
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Figure 3. Block in Erythroid Differentiation in MDS samples
Erythroid differentiation from nRBC precursor cells (CD71− CD235a−) to early erythroid 

cells (CD71+ CD235a−) to normoblasts (CD71+ CD235a+) to more mature nRBC (CD71− 

CD235a+) in healthy, RARS and RAEB samples.
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Figure 4a
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Figure 4b
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Figure 4c

Figure 4. Low Risk MDS BM samples versus Age-Matched Healthy BM samples
A. Response of MDS BM samples to EPO or GCSF modulation Plots of EPO induced p-

STAT5 levels in total nRBC, early erythroid and normoblasts (left) and GCSF induced p-

STAT1, p-STAT3 and p-STAT5 levels in myeloid cells using the Uu metric (right).

B. MDS Samples with Increase Myeloid Frequency have Increased STAT Activation 
Flow cytometry dot plots measuring p-STAT5 (X-axis) versus p-STAT3 (Y axis) in response 

to GCSF in MDS samples with a higher percentage of myeloid elements (lower panels), 

same percentage (middle panels) and a lower percentage of myeloid elements (upper panel) 

compared to healthy age-matched control myeloid samples.
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C. GCSF Modulated STAT Activation in Healthy Older BM Samples. Flow cytometry 

dot plots measuring p-STAT5 (X-axis) versus p-STAT3 (Y axis) in response to GCSF in 

healthy age-matched control myeloid samples.
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